The assessment of radiological hazard due to external and internal indoor exposure was investigated for 26 raw granites collected from different granite quarries in Ranyah (KSA). The activity concentrations of 226 Ra, 
neous rocks of granitic composition are strongly enriched in U and Th (on an average 5 ppm of U and 15 ppm of Th), compared to rocks of basaltic or ultramafic composition (<1 ppm of U) [2] [3] . Granites mainly consist of coarse grains of quartz, potassium feldspar and sodium feldspar along with micas and hornblende as common minerals.
Typical granites are chemically composed of 75% silica, oxides of aluminum, potassium and sodium at 12%, <5% and <5%, respectively, as well as smaller quantities of lime, iron, magnesia and titania [4] .
Enhanced or elevated levels of Naturally Occurring Radioactive Material (NORM) in building materials for the construction of dwelling may cause effective doses, which exceeds the dose criterion of 1 mSv·y −1 [1] should be taken into account in terms of radiation protection. Terrestrial radiation contributes to external exposures from gamma radiation (outdoors and indoors), and to internal exposures from radon or dust radionuclides inhalation and ingestion. As an increasing concern about radiation risks from building materials, several principles, guidance and specific recommendations dealing with NORM were adopted [1] [5] [6] . Recently, the European Commission decided to harmonize, promote and consolidate these principles and recommendations, introducing them into the new EU directive laying down basic safety standards (new EU-BSS)
for the protection against the danger arising from exposure to ionising radiation [6] .
This directive was published in January 2014 adopting a uniform reference level of 1 mSv·y −1 for indoor external exposure to gamma rays emitted by building materials to identify those of concern from a radiation protection point of view. Before such materials are placed on the market, Member States are required to provide the radionuclides concentrations and the corresponding activity concentration index (ACI) as well as other relevant factors [6] .
In Annex VIII of [6] , it is stated that the activity concentration index value of 1 can be used as a conservative screening tool for identifying materials that may cause the reference level to be exceeded. In addition, the calculation of dose needs to take into account other factors such as density, thickness of the material as well as factors relating to the type of building and the intended use of the material (bulk or superficial).
Many efforts led by different researchers have been focused on developing computational methodologies-room models-and in situ techniques to evaluate and predict the indoor gamma dose rate on the basis of the radioactivity and other characteristics of building materials [7] [8] [9] [10] .
The objective of this work is to assess the potential radiological risk to human health from 26 raw granites from Ranyah to be used eventually as building materials, in accordance with the new EU directive [6] . Similar studies were performed around the world. The gamma radiation in samples of a variety of natural tiling rocks (granites) imported in Cyprus for use in the building industry was measured, employing highresolution γ-ray spectroscopy. , two of them meet the upper dose limit of 1 mSv·y −1 and only one clearly exceeds this limit [4] .
A study was performed on some samples of marble and granite collected from different factories in Riyadh region of Saudi Arabia [11] . , respectively. The radium equivalent activities (Ra eq ) are lower than the internationally accepted value limit of 370 Bq·kg −1 set by the Organization for Economic Cooperation and Development (OECD) [13] , except in three imported granites.
In present work, the external gamma-ray dose rate was assessed in indoor environments covered with granites of 3 cm thickness for a standard room model considered by Anjos et al. [14] using Markkanen model code [7] . The latter consideredparameters like room size and building product through its density, thickness and composition to assess the indoor gamma dose rate due to building materials. Furthermore, the internal exposure was assessed through radon concentration using the same standard room model [14] .
Materials and Methods

Samples Collection and Preparation for Laboratory Analysis
Ranyah province has attracted many companies for the exploitation of granites and ornamental stones, used as building materials that are sold locally and internationally. All the igneous rocks used as ornamental stone in the Kingdom are from the Proterozoic
Arabian Shield. 
Gamma Rays Spectrometry Measurements
Measurement of the activity concentrations of 226 Ra, given in [12] . The background spectrum was acquired for 864,000 s (24 hours . As pointed out by Nuccetelli et al. [18] , the activity concentration index should be used as a screening tool for identifying materials that may be exempted or subject to restrictions.
For this purpose the activity concentration index I may be used for the classification of the materials into four classes, leading to two categories of building materials (A and B)
according to Table 1 following the radiological hazard classification defined in [17] .
The division of materials into two other categories ( (1) or (2)) according to their use shall be based on national building codes. Recommendations of EURATOM 2013 for building material require a uniform reference level for indoor external exposure to Table 1 . Categories based on the default dose according to the ACI criteria defined in [17] .
Use of materials Category (corresponding default dose)
2) Superficial and/or with restricted use A2 (I ≤ 6) B2 (I > 6) gamma rays of 1 mSv·y −1 [6] . Adopting the conversion factor from the absorbed dose in air to effective dose received by adults (0.7 Sv·Gy 
mSv y nGy h 8760 h y 0.8 0.7 Sv Gy 10
where D ind (nGy·h
) is the absorbed gamma dose rate in indoor air due to external exposure from gamma radiation from building materials of dwelling. Different models have been adopted for a standard room and its configuration, to evaluate it. The indoor exposure to external gamma radiation depends on the form of the dwelling, the properties of building materials (density, thickness and elemental composition) and of course on the activity concentrations of NORM in these building materials. Researchers [7] [8]
have adopted Monte Carlo simulations to obtain the free-in-air dose rate resulting from gamma rays emitted from the floor, walls and ceiling of a standard room with specific dimensions. It has been reported that specific dose rates depended to a large degree on wall thickness and density but not so on position in the room and dimensions of the room [8] . The same model room 1 for the configuration of standard rooms (4.0 m × 5.0 m area and 2.8 m high), in which the walls and floor are covered with granite slabs of 3.0 cm thickness as adopted by Anjos et al. [14] , was considered. As noted, the specific dose rates were calculated with a computer program published by Markkanen assuming a density of 2600 kg·m −3 [7] . It is worth noting that similar configurations are exten- 
Internal Exposure to Radon Gas
Internal exposure due to the intake of radionuclide through inhalation of indoor radon gas is harmful to health when it exceeds the limits. Radon progenies are solid radioactive elements that are deposited in the respiratory tract tissues, which may lead to lung cancer. The radon concentration in dwellings depends on many factors such as the room model, the ventilation, the nature, type, and amount of building materials as well as the way they are used. Therefore, a more realistic assessment of the internal exposure to radon gas ( 222 Rn) is preferred, instead of just relying on the usual estimation of the internal hazard index H in or on the alpha index I α . Recent regulations lead to the estab-lishment of a new national reference level ≤300 Bq·m −3 for radon in dwellings and workplaces [6] . It is recommended that existing dwellings exceeding the reference level should be identified and encouragement of radon-reducing measures be implemented where necessary. In view of the relatively high 226 Ra activity concentrations of anomalous granites (AG), the exposure to radon by estimating the concentration was assessed more realisticallyin the same standard room model assumed before. It is given by the following formula [14] :
where E x is the exhalation rate per unit area, C o is the radon concentration (Bq·m ). The exhalation rate per unit area, originating from the walls and floor covered with different types of granite was calculated theoretically according to the following formula (for dry condition) by [19] :
where ρ is the material density (assumed to be 2600 kg·m , η = 0.45) considered by Anjos et al. [14] (and references included therein) for model room 1, were used in our calculation too. Likewise, the ratio of the exhaling area covered with granite slabs to the free room volume was assumed to be S/V = 2.0 m −1 (considering that part of the room volume is occupied by furniture). In addition, for a safe assessment, the maximum measured value η = 0.45 for radon emanation coefficient for granites used in Saudi Arabia [20] was adopted in the calculation [14] .
According to UNSCEAR [19] was considered for an adequately ventilated room [14] . The calculation was performed for these two values for all granite samples.
Results and Discussion
External Exposure
The calculated indoor absorbed gamma dose rate, D ind and annual effective dose rate, E ind for anomalous granites due to external gamma exposure when used as superficial building material in the previously specified room model are given in Table 2 . The arithmetic mean and the standard deviation (σ) are given for normal (NG) and anomalous (AG) granites separately. The last column indicates the classification of each ). Based on the activity concentration indices, all NG samples except one classified as "normal" were categorized as A1 and A2 having ACI < 1 (suitable for being used as bulk and surface materials without restriction). Normal granite NG16 was classified as A1/B1to indicate a potential radiological hazard in bulk utilization of this granite, and should be subject to control (having ACI-1 within the computed uncertainty).
Three out of four anomalous granites were categorized as B1 having ACI > 1 (restricting their use as bulk materials and should be subject to control). However, they can be used superficially without restrictions having ACI < 6 (A2 category). Anomalous granite AG2 was categorized as B2 material forbidding completely its use as construction material having ACI > 6 (I = 6.35). In column 5 of Table 2 , the radium equivalent activity (Ra eq ) defined by Beretka and Mathew [21] , has been included to show that all four anomalous granites far exceed the permissible value from building materials of 370 Bq·kg −1 with an average value of 1168 Bq·kg −1 and a range extending from 604 to 1859
It is remarkable that most of the granite samples with high radioactivity examined by Chen and Lin [22] were also red coloured as samples AG1 and AG2. The red colour of their highly radioactive granites (Balmoral and African red) is due to the presence of abundant feldspars that are reddish in colour as reported by Pavlidou et al. [23] . However, all four "anomalous" granites were collected from a different region where the small rocky mountain of the anomaly area is not subject to exploitation.
Trevisi et al. [24] noted in their database, that among the 621 superficial materials used in 15 MS (Member States) of EU (European Union), only two had ACI (I max )
higher than 6 (Italian basalt I ≈ 6.10 and a granite, commercially named as Café Brown, imported to Greece I ≈ 7.03). In our present study, one out of twenty six (granite AG2) had exceeded this critical value for superficial building materials. Table 3 shows a comparison between the results from the EU database, few recent studies worldwide 
Internal Exposure to Radon Gas
As mentioned early, the calculations for radon concentration were performed for two Figure 3 and Figure 4 for all samples including the mean value for normal granites (MNG). It is worth mentioning that the reference level of 300 Bq·m −3 for radon in dwellings represents approximately 10 mSv·y −1 [31] . It is clear that all 22 granites classified as "normal", are safe in both circumstances. For a poor ventilated condition, all four anomalous granites clearly exceed the reference level. However, when the ventilation is adequate, only samples AG1 and AG2 exceed this limit and should not be used as superficial building materials (same red colour in both figures). By comparison, Anjos et al. [14] found that all their investigated granites had a value below 100 Bq·m −3 in case of adequate ventilation.
In case of poor ventilation, 9% of 71 analysed Brazilian commercial granites showed a value above 300 Bq·m −3 with a maximum value of (~400 Bq·m −3 ). In our case, the maximum value (~2800 Bq·m ) (Reference level in broken line). ) to look for possible correlation with their elemental composition. Energy dispersive X-ray Spectrometry (EDS) was conducted at Taif University JEOL scanning electron microscope (JEOL SEM 6390 LA). An example of SEM image and associated standard-less EDS spectrum is shown in Figure 5 for hazardous graniteAG2 that had the highest level of natural radioactivity in our present work. Very similar spectra were obtained for other samples. Silicon (Si) is the dominant element in all samples. Other common elements are potassium (K), aluminium (Al), Sodium (Na), Calcium (Ca), iron (Fe) and Magnesium (Mg). In addition, Titanium Ti is found in granite NG6 in small amount whereas as traces in others. These elements belong to the following oxides found in general in granites as pointed out by Krmar et al. [33] The final quantitative analysis of all four anomalous granites along with granite NG6 are summarized in Table 4 
Multi-Elemental Analysis
Conclusion
All twenty-two raw granites collected from areas near quarries are safe to be used as building materials without any restriction. Three out of four anomalous granites collected from "Taghdoua" have restricted use and should be subject to control. Anomalous granite AG2 was categorized as B2 material forbidding completely its use as construction material as far as external exposure to gamma dose is concerned. Although radon indoor exposure can be significantly reduced through adequate ventilation, anomalous granites AG1 and AG2 remain unsafe as superficial building materials for the standard room considered because of their relatively high 226 Ra activity concentrations.
It is recommended that companies have to check the radiation risk of granites intended for commercialization before any large-scale exploitation using appropriate instruments. Besides, the importance of the present work for environmental radiological protection in general, it will serve as a valuable information for the current Saudi Geological Survey strategic programs in environmental geology that are concentrated on mapping the hazards associated with natural radioactivity.
